The observation of the spin Hall effect [1, 2, 3] triggered intense research on pure spin current transport [4] . With the spin Hall effect [1, 2, 5, 6], the spin Seebeck effect [7, 8, 9] , and the spin Peltier effect [10, 11] already observed, our picture of pure spin current transport is almost complete. The only missing piece is the spin Nernst (-Ettingshausen) effect, that so far has only been discussed on theoretical grounds [12, 13, 14, 15] . Here, we report the observation of the spin Nernst effect. By applying a longitudinal temperature gradient, we generate a pure transverse spin current in a Pt thin film. For readout, we exploit the magnetization-orientationdependent spin transfer to an adjacent yttrium iron garnet layer, converting the spin Nernst current in Pt into a controlled change of the longitudinal and transverse thermopower voltage. Our experiments show that the spin Nernst and the spin Hall effect in Pt are of comparable magnitude, but differ in sign, as corroborated by first-principles calculations.
Main letter
Transverse transport is a key aspect of charge and/or spin motion in the solid state. In the charge channel, the Hall effect [16] and the Nernst effect [17] sketched in Fig. 1 (a) , (b) enshrine transverse charge motion due to a gradient in the longitudinal potential imposed by an electric or thermal stimulus, respectively. Since the magnitude of the Hall charge current j Hall c ∝ θ H j c × H (parameterized by the Hall angle θ H , the applied charge current j c and the external magnetic field H) is governed by the density of mobile charge carriers in simple metals and semiconductors, Hall effect experiments quickly became a standard tool for material characterization. As sketched in Fig. 1(b) , the transverse Nernst charge current j Nernst c ∝ θ N ∇T ×H is driven by a temperature gradient ∇T or the corresponding heat current j h = −κ∇T , where κ is the thermal conductivity and θ N the Nernst angle.
While first experiments in the spirit of the spin Hall effect have been conducted in the 1970s [18] , only recently, electrically driven transverse spin transport in the form of the spin Hall effect (SHE) [19, 20] resulted in a new paradigm for spin-electronic device design [3, 21, 4] . The SHE refers to a transverse pure spin current j SH s ∝ θ SH j c × s driven by a charge current density j c , see Fig. 1 (c). The spin Hall angle θ SH characterizes the charge-to-spin conversion efficiency [4, 22] . Analogous to the Nernst effect, the spin Nernst effect (SNE) describes a transverse pure spin current j SN s ∝ θ SN j h × s arising from a longitudinal temperature gradient, cf. Fig. 1(d) . Here, θ SN is the spin Nernst angle [12, 13, 14, 15] . In linear response and Sommerfeld approximation:
where the gradients of the electrochemical potential µ 0 , T and spin accumulation µ si are connected via a tensor to j c , j h and the pure spin current j s,i (with spin polarization s and i ∈ {x, y, z}). The response tensor contains the electrical conductivity σ, the Seebeck coefficient S, the Lorenz constant L 0 and the spin Hall (Nernst) angle θ SH (θ SN ) (for more details see SI). In spite of its fundamental importance for the understanding of pure spin current transport, the SNE has remained a theoretical conjecture.
In this Letter, we report direct experimental evidence for the spin Nernst effect in platinum. In order to quantify the spin Nernst spin current, we modulate the transverse spin current transport boundary conditions and detect the spin accumulation induced by the spin Nernst effect (SNE) in the charge channel, via the inverse spin Hall effect (ISHE) [6] . In model calculations, we show that the combined action of SNE and ISHE results in a thermopower along (and normal to) the applied temperature gradient. This spin Nernst magneto-thermopower (SMT) is present in any electrical conductor with spin orbit coupling, but usually cannot be discerned from the conventional Seebeck effect, since it has the same symmetry. However, by selectively changing the spin transport boundary conditions, the SMT can be quantitatively extracted and analyzed. The concept is illustrated in Fig. 2(a-d) . A paramagnetic metal film is exposed to a temperature gradient ∇T || − x. Through the Seebeck effect, a thermopower arises along x. Furthermore, because of the SNE, a transverse spin current j SN s is flowing along z with spin polarization along y, resulting in a spin accumulation at the metal film boundaries, as sketched in Fig. 2(a) . The ensuing spin accumulation in turn drives a diffusive spin current j b s . In the steady state, the spin current back flow j b s = −j SN s exactly balances the spin Nernst spin current, such that the net transverse spin current flow vanishes. Through the ISHE, both j b s and j SN s are accompanied by inverse spin Hall charge currents (cf. Fig. 2(b) ). Since the latter are of equal magnitude but opposite in sign, they cancel. In that case the charge current vanishes and thereby the SMT. In contrast, when the transverse spin transport is short-circuited, the spins can not accumulate at the interface [ net charge current j ISHE,SN c along x, i.e., along the direction of the thermal bias [cf. Fig. 2(d) ]. The combination of spin Nernst and inverse spin Hall effects thereby induces a thermopower along the temperature gradient with a magnitude depending on the transverse spin current boundary conditions. This SMT can be distinguished from the conventional Seebeck effect when modulating the transverse spin current boundary conditions by the spin transfer torque (STT) at the ferromagnetic insulator/normal metal (FMI/N) interface [23, 24] . The STT depends on the orientation of the magnetization M in the t r a n s v e r s e s p in Fig. 2(e) ]. In contrast, when s and M enclose a finite angle, the STT is finite, becoming maximal for s orthogonal to M [short-circuit boundary conditions, Fig. 2(f) ]. We control the transverse spin current boundary conditions by systematically changing the orientation of the magnetization in the FMI layer, and record the ensuing spin Nernst driven changes in the thermopower, i.e., the SMT. The phenomenology of the SMT is similar to the recently established spin Hall magnetoresistance (SMR) [25, 26] . We model the SMT, by the spin diffusion equation in the metal with quantum mechanical boundary conditions at the ferromagnet, as detailed in the SI. The (longitudinal) thermopower V thermal can be expressed in terms of an effective Seebeck coefficient as:
with
Here, t N , σ and λ are the thickness, electrical conductivity, and spin diffusion length of the N film, respectively, G the spin mixing conductance of the FMI/N interface, l the sample length and m y = M · y/|M|. The t N -dependence of ∆S 1 /S in Eq. (3) is identical to that of the SMR [27] . The sample is a yttrium iron garnet (Y 3 Fe 5 O 12 , YIG)|Pt bilayer [28] patterned into a Hall bar as shown in Fig. 3(a) . An additional YIG|Pt strip extending in y direction serves as an on-chip heater. We heat one side of the sample by applying a constant electric power of 286 mW to the on-chip heater and connect the other end of the sample to a heat sink. This generates a temperature difference ∆T = T hot − T cold = 18.0 K between the two ends of the Hall bar as measured by on-chip resistive thermometry (see SI), while the dip stick is kept at T base = 220 K; the average sample temperature for these heater settings amounts to T sample ≈ 255 K(see SI). The external magnetic field of µ 0 H = 1 T is much larger than the demagnetization and anisotropy fields of YIG, such that M H. Then, H||y corresponds to M||s and thus open boundary conditions (no spin current flow across the interface), while for H||x and H||z the ferrimagnet represents an efficient spin current sink resulting in maximum spin current flow across the interface. The thermopower V thermal = (S + ∆S 1 )∆T measured along x [cf. Fig. 3(b) ] contains the conventional Seebeck effect of the Pt Hall bar with the Seebeck coefficientS (for details see SI). For Pt,S < 0, such that the corresponding thermopower is negative. By rotating H and therefore the magnetization M of the YIG within the film plane from α = 0 • (H x) to α = 90 • (H y), the spin current boundary conditions are switched from short-circuit (finite transverse spin current) to open circuit (vanishing transverse spin current) conditions. The thermopower therefore shows a characteristic modulation as expressed by Eq. (2). Our measurements confirm this expectation: For open boundary conditions, V thermal = −66.225 µV is about ∆V thermal = 100 nV larger than for shortcircuit conditions, with a relative signal amplitude of |∆V thermal /V thermal | = (1.5 ± 0.3) × 10 −3 , see Fig. 3(e) . We reproduced this behavior for full 360 • rotations of the applied field in the sample plane spanned by x and y, leading to a sin 2 α behavior of V thermal with minima for short-circuit boundary conditions (α = 0 • , 180 • ), and maxima for open boundary conditions (α = 90 • , 270 • ). We can also switch the boundary conditions by rotating the magnetic field in the (normal) plane spanned by y and z, see Fig. 3(f) . Starting at β = 0 • from H y (open boundary conditions), the thermal voltage decreases while rotating H towards z (β = 90 • , short-circuit boundary conditions) and the minimal and maximal levels of V thermal coincide with the ones obtained in the first geometry. Rotating H out-of-plane perpendicular to y [ Fig. 3(g) ], the signal is almost constant and coincides with the lower signal levels observed for the other rotation planes. This is exactly the behavior expected from Eq. (2), since H ⊥ s is fulfilled for every magnetization orientation in this rotation geometry, causing a maximum spin Nernst spin current flow. Also the observed transverse thermopower agrees very well with theory (see SI, Fig. 6 ). Spurious effects can be ruled out by their symmetries. For example, a spin Seebeck voltage arising from ∇T along z would result in a sin(α) [cos(β)] dependence of V thermal in the (x,y) [(y,z)] rotation plane, which is not observed (see also SI). Control experiments conducted on a GGG/Pt sample exhibit no SMT signature (see SI). Using λ = 1.5 nm, θ SH = 0.11 and Re(G) = 4 × 10 14 Ω −1 m −2 [29] in Eq. (3), the observed ∆V thermal /V thermal = −1.5 × 10 −3 corresponds to a spin Nernst angle of θ SN = −0.20 for Pt. Our first-principles calculations for the spin transport in bulk Pt confirm the relative sign and suggest θ SH /θ SN = −0.6 at T sample (see SI). This is in fair agreement with θ SH /θ SN (exp.) = −0.5. For different heating powers between 100 mW and 286 mW as well as for two different magnetic field values µ 0 H = 0.5 T and 1 T, we obtain identical SNE signatures. The relative amplitude of the modulation of the thermal voltage does not depend on both heating power and external magnetic field, as expected (see SI). Note that the observed field dependence excludes interference by the spin Seebeck effect [7, 8, 9] . In summary, we report an SMT signal in Pt|YIG hybrids proportional to an in-plane temperature gradient that reveals the spin Nernst effect in Pt, thereby opening a new strategy for the thermal generation of spin currents. The spin [28] . The YIG film is a an insulating ferrimagnet with a saturation magnetization of 120 kA/m. The Pt layer is polycrystalline with a resistivity of 430 nΩm at room temperature. The thicknesses of the YIG and Pt layers were determined by x-ray reflectometry as t F = (40 ± 2) nm and t N = (4.1 ± 0.2) nm, respectively. The 5 × 5 mm 2 sample is patterned into a Hall bar with an additional heating strip as shown in Fig. 3(a) . For temperature differences ∆T ≤ 18.0 K between both ends of the Hall bar, the voltage signal V thermal is measured while rotating a magnetic field of constant magnitude µ 0 H = 1T in different planes. µ 0 H is much larger than the saturation field of YIG to ensure the alignment of the magnetization M of the FMI parallel to the external field even in the presence of magnetic and shape anisotropies. More details on the experimental methods are given in the SI. 
